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We report on the observation of a spin texture in a cold exciton gas in a GaAs/AlGaAs coupled
quantum well structure. The spin texture is observed around the exciton rings. The observed
phenomena include: a ring of linear polarization, a vortex of linear polarization with polarization
perpendicular to the radial direction, an anisotropy in the exciton flux, a skew of the exciton fluxes
in orthogonal circular polarizations and a corresponding four-leaf pattern of circular polarization, a
periodic spin texture, and extended exciton coherence in the region of the polarization vortex. The
data indicate a transport regime where the spin polarization is locked to the direction of particle
propagation and scattering is suppressed.
Spin ordering forms the basis for a number of fun-
damental effects in physics. Macroscopic spin ordering
with neighboring spins parallel or antiparallel to each
other is responsible for ferromagnetism and antiferromag-
netism. More complex spin structures, also known as
spin textures, determine the physical properties of exotic
states of matter and are currently under intense investi-
gation. Those spin structures include skyrmion spin tex-
tures in quantum Hall ferromagnets [1] and graphene [2],
ferromagnetic domains and spin vortices in atom Bose-
Einstein condensates [3], skyrmion lattices in chiral mag-
nets [4, 5], and half-vortices in He3 [6] and polariton con-
densates [7]. Spin textures are also characteristic of topo-
logical insulators [8].
Here, we report on the observation of a spin texture in
a cold exciton gas. The spin texture appears when the ex-
citon gas is cooled below a few Kelvin. The cold exciton
gas is realized in a GaAs/AlGaAs coupled quantum well
structure (CQW), Fig. 1a. Indirect excitons in CQW are
characterized by properties, which are essential for the
observation of spin textures: (i) Long lifetimes of indirect
excitons allow them to cool to low temperatures within
about 0.1 K of the lattice temperature, which can be
lowered to well below 1 K in a dilution refrigerator. This
allows the realization of a cold exciton gas with tempera-
ture well below the temperature of quantum degeneracy,
which is in the range of a few Kelvin for typical exci-
ton densities ∼ 1010 cm−2 for the studied GaAs/AlGaAs
CQW [9]. (ii) Long lifetimes of indirect excitons allow
them to travel over large distances before recombination
[10–14]. (iii) The exciton spin relaxation induced by the
electron-hole exchange interaction is strongly suppressed
for indirect excitons with small electron-hole overlap and,
as a result, spin relaxation times of indirect excitons can
be orders of magnitude longer than those of regular ex-
citons [15–18].
The spin texture is observed around the rings in the
exciton emission pattern. Figure 1b shows a segment of
a
0  
- 1 5 0 1 5
T bat
h=7
K
T bat
h=0
.1K
1 5
0
- 1 5
zb
 x  ( µm )
y (µ
m)
 x  ( µm )  x  ( µm )
  
 e
h
- 1 5 0 1 5
1 5
0
- 1 5
y (µ
m)
f
y (µ
m) 
 
2 0 0
1 6 0
1 2 0
8 0
4 0
0 0 4 0 8 0 1 2 0
ec
d
  
 1P L  I n t e n s i t y  ( a r b .  u n i t s )
+ 0 . 2 5- 0 . 2 5+ 0 . 1 5
P c i r cP l i n- 0 . 1 5
E
FIG. 1: Spin texture around LBS. (a) Energy-band diagram of
the CQW; e, electron; h, hole. (b) A segment of the emission
pattern of indirect excitons. The white (red) box indicates the
LBS (external ring) region presented in Fig. 1-3 (4). (c, d)
Texture of linear polarization of the emission of indirect exci-
tons Plin = (Ix−Iy)/(Ix+Iy) around LBS at (c) Tbath = 0.1 K
and (d) Tbath = 7 K. (e, f) Texture of circular polarization of
the emission of indirect excitons Pσ = (Iσ+−Iσ−)/(Iσ++Iσ−)
around LBS at (e) Tbath = 0.1 K and (f) Tbath = 7 K.
the exciton pattern with a section of the external ring and
smaller localized bright spot (LBS) rings. Such exciton
rings were observed a few years ago [12] and studied in
[19–23]. Both the external rings and LBS rings form
exciton sources; excitons are generated inside the rings at
the ring shaped interface between electron-rich and hole-
rich regions. The former is created by current through
the structure (specifically, by the current filament at the
LBS center in the case of the LBS ring), while the latter is
created by photoexcitation [19–23]. The indirect excitons
cool down to the lattice temperature within a few microns
from the source [24] so, in the case of indirect excitons,
the rings serve as sources of cold excitons.
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FIG. 2: Texture of linear polarization around LBS. (a) The ra-
dial variation of Plin along x (red) and y (black) at Tbath = 0.1
K. (b) The azimuthal variation of Plin at the distance from
the LBS center r = 10µm (blue) and r = 19µm (magenta) at
Tbath = 0.1 K. (c) The maximum Plin in the x-polarization
ring vs. temperature. (d) The amplitude of azimuthal varia-
tion of Plin, ∆Pθ, [see (b)] at Tbath = 0.1 K vs. r. (e) ∆Pθ
at r = 10µm vs. temperature.
In our experiments, the photoexcitation is > 400 meV
above the energy of indirect excitons and the 10µm-wide
excitation spot is > 80µm away from both the LBS
and external ring. This eliminates the influence of the
laser polarization on the spin pattern. In contrast to
the earlier experiments [17] where excitons were gener-
ated in the excitation spot, in the present experiments,
the excitons are generated in the exciton rings. Such
generation does not suffer from the laser-induced heat-
ing and results in the creation of cold indirect excitons
[19]. The achieved low temperatures are essential for
the observation of exciton spin textures as detailed be-
low. Experiments are performed in an optical dilution
refrigerator. The spin texture is revealed in the polar-
ization texture of the emitted light and is measured by
polarization-resolved imaging. We also measured exci-
ton coherence by shift-interferometry. The interfering
emission images produced by arm 1 and 2 of the Mach-
Zehnder (MZ) interferometer are laterally shifted rela-
tive to each other to measure the interference between
the emission of excitons, which are spatially separated
by δs. This method allows direct measurement of the ex-
citon coherence length ξ in the QW plane. ξ is evaluated
here as δs at which the interference visibility drops by e
times. Details on the experimental setup and the CQW
structure are given in the supplementary materials.
The observed phenomena are qualitatively similar for
both exciton sources – the external ring and LBS ring,
as is detailed below. An LBS ring is close to a model
radially symmetric source of excitons; therefore, we first
discuss the features of the spin texture around the LBS.
All LBS rings in the emission pattern show similar spin
textures. The observed phenomena are listed below.
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FIG. 3: Texture of circular polarization around LBS. (a) Az-
imuthal variation of the emission intensity of indirect excitons
at r = 8µm in σ+ (red) and σ− (black) polarizations. (b) The
ratio of maximum to minimum in the azimuthal variation of
the total emission intensity of indirect excitons Imax/Imin at
Tbath = 0.1 K vs. r. (c) Imax/Imin at r = 8µm vs. tempera-
ture. (d) A skew of the emission peaks in σ+ and σ− polar-
izations θskew around r = 8µm [see (a)] vs. temperature. (e)
The amplitude of variation of Pσ in the LBS area shown in
Fig. 1e,f vs. temperature. (f-h) A trace of σ+ (red) and σ−
(green) emission peak around θ = 270◦ [see (a)]; An emission
image in (f) σ+ and (g) σ− polarization is also shown.
1. A ring of linear polarization is observed around the
LBS center (Fig. 1c, 2a). Measurements with a rotating
polarizer confirm polarization along the x-direction. The
ring radius, where the linear polarization is maximum, is
about 3µm. The ring of linear polarization vanishes with
increasing temperature (Fig. 1d, 2c).
2. A vortex of linear polarization is observed around
the LBS center (Fig. 1c, 2a,b). Figures 1c, 2a,b show
that y-polarization is observed along x-direction and x-
polarization is observed along y-direction. Measurements
with a rotating polarizer confirm that the polarization is
perpendicular to the radial direction for all azimuthal an-
gles θ for the polarization vortex. The polarization vortex
is observed in the range of distances from the LBS center
3 . r . 20µm (Fig. 1c, 2a,d). The ring of linear polar-
ization and polarization vortex overlap at r = 3 − 5µm
forming a more complex spin texture. The polarization
vortex vanishes with increasing temperature (Fig. 1d,
2e).
3. The flux of excitons from the LBS origin is
anisotropic (Fig. 3a): The emission intensity is enhanced
along the x-axis, the polarization direction in the polar-
ization ring. The exciton flux anisotropy is observed in
the range of distances from the LBS center 3 . r . 15µm
(Fig. 3b) and vanishes with increasing temperature (Fig.
3c) so the exciton flux from the LBS origin is isotropic
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FIG. 4: Spin texture around external ring. (a) Emission of
indirect excitons in the external ring region. (b, c) Pattern
of linear (b) and circular (c) polarization around the external
ring. Tbath = 0.1 K.
at high temperatures.
4. A skew of the exciton fluxes in orthogonal circular
polarizations (Fig. 3a, f-h) and a corresponding four-
leaf pattern of circular polarization (Fig. 1e) is observed
around the LBS. The skew of the exciton flux is observed
in the range of distances from the LBS center 5 . r .
15µm (Fig. 3f-h). The skew of the exciton flux and the
corresponding four-leaf pattern of circular polarization
vanish with increasing temperature (Fig. 1f, 3d,e).
5. Similar polarization textures are observed in the
external ring region (Fig. 4). At low temperatures, the
macroscopically ordered exciton state (MOES) character-
ized by a spatially ordered array of higher-density beads
[12] and a large exciton coherence length [25] forms in
the external ring. The polarization texture in the ex-
ternal ring region appears as the superposition of the
polarization textures produced by the MOES beads with
each being similar to the texture produced by an LBS
(compare Fig. 4b with Fig. 1c and Fig. 4c with Fig.
1e). A periodic array of beads in the MOES (Fig. 4a)
creates a periodic polarization texture (Fig. 4b,c). Both
the position of the external ring and the wavelength of
the exciton density wave are controlled by the laser ex-
citation indicating that the exciton density modulation
in the MOES is not governed by disorder in the sample.
The presence of spin texture in the external ring region
confirms that the spin texture does not arise due to a
local defect structure.
6. An extended exciton coherence with a large coher-
ence length ξ is observed in the region of the polarization
vortex (Fig. 5a). In contrast, ξ is short in the region of
the polarization ring, which is close to the hot LBS cen-
ter. With reducing temperature, the exciton spin tex-
tures emerge in concert with coherence (Fig. 2e and 5b).
Below, we briefly discuss the observed phenomena and
consider a model which can lead to the appearance of
an exciton spin texture. This model is based on bal-
listic exciton transport and precession of spins of elec-
trons and holes. The heavy hole excitons in GaAs QWs
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FIG. 5: Exciton coherence measured by shift-interferometry.
The interfering emission images produced by arm 1 and 2
of the MZ interferometer are shifted relative to each other
by δ along x direction to measure the interference between
the emission of excitons, which are laterally separated by
δs = δ/M , where M = 25 is the image magnification. (a)
Interference visibility V vs. shift δs for the polarization vor-
tex (squares), 10µm left of LBS center, and the polarization
ring (circles), 2µm left of LBS center (the LBS is in magenta
box in Fig. 1b). Tbath = 0.1 K. (b) V in the polarization
vortex vs. temperature for δs = 2µm.
may have four spin projections on the structure axis:
−2,−1,+1,+2. The spin states −1 and +1 are opti-
cally active and contribute to left- and right-circularly
polarized emission, while the states −2 and +2 are so
called dark excitons which are optically inactive [26–
28]. The splitting of linearly polarized exciton states
originates from in-plane anisotropy induced by the crys-
tallographic axis orientation and strain. The preces-
sion of spins of electrons and holes moving in the QW
plane originates from this splitting and spin-orbit in-
teraction which is described by a Dresselhaus Hamil-
tonian He = βe
(
kexσx − keyσy
)
for electrons and Hh =
βh
(
khxσx + k
h
yσy
)
for holes [29], where ke,h are electron
and hole wave-vectors, βe,h are constants, and σx,y are
Pauli matrices.
The appearance of an exciton spin texture within this
model is outlined below. Details are presented in the sup-
plementary materials. A ring of linear polarization: The
splitting between the linearly polarized exciton states
leads to linear polarization of the exciton gas at ther-
mal equilibrium. Heating of the exciton gas at the origin
reduces the polarization degree in the center and, as a re-
sult, leads to the appearance of a ring of linear polariza-
tion. A vortex of linear polarization: Spin-orbit coupling
provides two channels for conversion of bright to dark ex-
citons and vice versa with the phase gained by excitons
during such conversion dependent on their propagation
direction. This results in populating the exciton states
whose polarization is normal to the wave vector and, in
turn, the appearance of a vortex of linear polarization.
A four-leaf pattern of circular polarization: The beats
between orthogonal linearly polarized exciton states lead
to the appearance of a four-leaf pattern of circular polar-
4ization in a qualitative similarity to the optical spin Hall
effect [30]. The appearance of a vortex of linear polariza-
tion and four-leaf pattern of circular polarization within
the model rely on ballistic propagation of excitons with
coherent spin precession.
The data are discussed below. A ring of linear po-
larization: The current filament forms a heating source
at the LBS center while no such local heating source is
present in the external ring [19], consistent with the ring
of linear polarization in the LBS area and its absence in
the external ring area (Fig. 1c and 4b).
A vortex of linear polarization: The appearance of this
spin texture indicates a transport regime where the spin
polarization is locked to the direction of particle propaga-
tion, scattering is suppressed, and the mean free path is
dramatically enhanced. Indeed, the vortex of linear po-
larization indicates that the exciton polarization is per-
pendicular to the direction of exciton propagation from
the origin. The observation of the polarization vortex up
to ∼ 20µm away from the origin (Fig. 2d) indicates that
the exciton propagation direction is maintained over this
distance. Such propagation requires suppression of exci-
ton scattering on disorder. In comparison, for a classical
exciton transport even with a very high diffusion coeffi-
cient D = 100 cm2/s, the exciton mean free path is only
∼ 1µm so maintaining polarization normal to the direc-
tion to the origin over ∼ 20µm is unlikely due to multiple
collisions.
Extended coherence: The suppression of exciton scat-
tering in the region of the polarization vortex is evidenced
by extended exciton coherence with a large coherence
length ξ ∼ 8µm (Fig. 5a). In comparison, for a classical
exciton gas, ξcl is close to the thermal de Broglie wave-
length, which scales ∝ T−1/2 and is about 0.5µm at 0.1
K. Large ξ  ξcl in the region of the polarization vortex
indicates a coherent exciton state with a much narrower
than classical exciton distribution in momentum space,
characteristic of a condensate.
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1SUPPLEMENTARY MATERIALS
Model of spin texture around LBS
The model considers excitons around an LBS ring, which is close to a radially symmetric source of excitons, for
details on LBS rings see [12,19,23]. An LBS ring has a hot core region [19], which is not described by the model.
The initial exciton state considered by this model is a ring around the LBS center where the exciton temperature
reaches the limit below which excitons propagate ballistically and keep coherence within the limits of the observed
spin texture. The model assumes a thermal distribution of excitons on this ring and their coherent (ballistic) radial
propagation away from the center with velocity v = ~kex/m, where kex = ke+kh is the exciton wave vector and m is
the exciton effective mass in the plane of the structure, ke =
me
m kex, kh =
mh
m kex, me and mh are electron and hole
in-plane effective masses, respectively. In the basis of four exciton states with spins {+1,−1,+2,−2}, the coherent
spin dynamics in the system is governed by a model matrix Hamiltonian:
Hexc =

Ebright −δb keβee−iϕ khβhe−iϕ
−δb Ebright khβheiϕ keβeeiϕ
keβee
iϕ khβhe
−iϕ Edark −δd
khβhe
iϕ keβee
−iϕ −δd Edark
 , (1)
where Ebright and Edark are energies of bright and dark excitons in an ideal isotropic QW, δb and δd describe the
effect of in-plane anisotropy induced by the crystallographic axis orientation and strain and resulting in the splitting
of exciton states linearly polarized along [110] and [0 − 10] axes of symmetry. The angle ϕ is defined relative to the
x ≡ [110] axis. This Hamiltonian has been constructed from the spin–orbit Hamiltonians for electrons and holes [29],
including an exciton spin anisotropy:
Hexc = Hanis + 1e ⊗Hh +He ⊗ 1h , (2)
where the operators 1e,h are 2×2 identity matrices, He = βe
(
kexσx − keyσy
)
and Hh = βh
(
khxσx + k
h
yσy
)
,
Hanis =

Ebright −δb 0 0
−δb Ebright 0 0
0 0 Edark −δd
0 0 −δd Edark
 . (3)
The evolution of the density matrix is then described in terms of the quantum Liouville equation:
i~ dρ/dt =
[
Hexc, ρ
]
(4)
The initial condition in the simulations is the thermal density matrix on the low–temperature ring around the LBS
core:
ρ(R = R0) =

(n1 + n2)/2 (n1 − n2)/2 0 0
(n1 − n2)/2 (n1 + n2)/2 0 0
0 0 (n3 + n4)/2 (n3 − n4)/2
0 0 (n3 − n4)/2 (n3 + n4)/2
 , (5)
where the populations of the linearly polarized bright states are n1,2 = exp
[− (Ebright ∓ δb)/kBT ] and populations
of the dark states are n3,4 = exp
[ − (Edark ∓ δd)/kBT ]. Symbol kB stands for the Boltzmann constant. The
patterns of circular and linear polarizations are extracted from the density matrix using the formulas Pσ(R) =[
ρ11(R)− ρ22(R)
]
/
[
ρ11(R) + ρ22(R)
]
and Plin(R) = 2Re
[
ρ12(R)
]
/
[
ρ11(R) + ρ22(R)
]
, respectively.
Figures S1a,b show the results of our calculations, considering the following parameters. The energies of exciton
states were defined by the parameters Edark = 0 µeV, Ebright = 5 µeV, δb = +1 µeV, δd = −8 µeV. The Dresselhaus
coefficients were taken to be βe = 25 meVA˚ and βh = 23.5 meVA˚, the first value has been experimentally measured in
our earlier work [17], the value for βh is in qualitative agreement with the calculations in [29]. The exciton temperature
is T = 0.2 K, exciton propagation velocity v = 3.4 · 105 cm/s, effective masses m = 0.23 m0, me = 0.07 m0,
mh = 0.16 m0 with m0 being free electron mass, and R0 = 4.8 µm.
For a detailed fit of the experiment the spin dependent exciton-exciton interactions may need to be taken into
account. Nevertheless, the present (linear) theory reproduces all main features of the spin texture observed in the
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FIG. S1: (a,b) Simulated (a) pattern of linear polarization, and (b) pattern of circular polarization around LBS. The LBS
center is in the origin. The black region in the center refers to a hot exciton gas, which is not considered in the simulations.
experiment, namely, a ring of linear polarization (Fig. S1a), a vortex of linear polarization with the polarization
perpendicular to the radial direction (Fig. S1a), and a four-leaf pattern of circular polarization (Fig. S1b).
The model is based on the assumption of ballistic radial transport of excitons. In this regime, the main mechanism
of hole spin relaxation (Elliott-Yafet mechanism linked with the scattering of holes by impurities) is suppressed.
The spin dynamics of electrons and holes is governed by the spin-orbit interaction described by the Dresselhaus
Hamiltonian, which we use in the model. The splitting of linearly polarized states of bright and dark excitons is
an essential element of the model, which allows to describe the central linear polarization ring and the build-up of
circular polarization. Such splittings typically appear in MBE grown samples due to monolayer fluctuations of the
heteroboundaries. The values of these two splittings in our sample are fitting parameters of the model. A good
qualitative agreement between the model and experiment indicates that the observed spin texture is a characteristic
feature of a new exciton transport regime where coherence is kept over large distances.
CQW structure and experimental setup
Experiments were performed on a n+ − i − n+ GaAs/AlGaAs CQW structure grown by molecular-beam epitaxy.
The i region consists of a single pair of 8 nm GaAs QWs separated by a 4 nm Al0.33Ga0.67As barrier and surrounded
by 200 nm Al0.33Ga0.67As barrier layers. The n
+ layers are Si-doped GaAs with NSi = 5 × 1017cm−3. The electric
field in the z direction is controlled by the external gate voltage applied between n+ layers. The small in-plane
disorder in the CQW is indicated by the photoluminescence linewidth ≈ 1 meV. The laser excitation is performed
by a HeNe laser at λ = 633 nm. The x-polarization is along the sample cleavage direction within the experimental
accuracy.
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FIG. S2: Schematic of interferometric setup.
We use a Mach-Zehnder (MZ) interferometer to probe the coherence of the exciton system (Fig. S2). The emission
beam is made parallel by an objective inside the optical dilution refrigerator a d lenses. A combination of a quarter-
wave plate (λ/4) and a half-wave plate (λ/2) converts the measured polarization of the emission to y−polarization,
which is then selected by a linear polarizer. This ensures only y−polarized light enters the MZ interferometer thus
eliminating polarization-dependent effects, which otherwise can be caused by the interferometer and spectrometer.
The emission is then split between arm 1 and arm 2 of the MZ interferometer. The path lengths of arm 1 and arm 2 are
3set equal using the movable stage. The interfering emission images produced by arm 1 and 2 of the MZ interferometer
are shifted relative to each other by δ along x direction to measure the interference between the emission of excitons,
which are laterally separated by δs = δ/M , where M = 25 is the image magnification. Mirror 1 and Mirror 2 are used
to control the fringe period, and Mirror 2 is used to control δs. After the interferometer, the emission is filtered by an
800 ± 5nm interference filter (IF), which is adjusted to the emission wavelength of indirect excitons, and focused to
produce an emission image of indirect excitons. The latter is recorded by a liquid-nitrogen cooled CCD. We collect
emission for arm 1 open, arm 2 open, and both arms open and obtain Iinterf = (I12 − I1 − I2)/(2
√
I1I2), where
I1, I2, and I12 is the emission intensity of indirect excitons for arm 1, arm 2, and both arms of the MZ interferometer,
respectively. Here we use the general equation for interference between two partially coherent sources at r1 and r2:
I12 = I1 + I2 + 2
√
I1I2 cos[δφ(r1, r2)]ζ(r1, r2), where δφ(r1, r2) is the phase difference between r1 and r2 and ζ(r1, r2)
is coherence between r1 and r2 [see e.g. P.W. Milonni, J.H. Eberly, Lasers (Wiley, New York, 1988), chap. 15]. Then,
Iinterf = cos[δφ(r1, r2)]ζ(r1, r2), which contains the relevant quantities of phase difference and coherence. For our
experimental geometry, cos[δφ(r1, r2)] oscillates along the y-axis, and coherence ζ(r1, r2) for r1 − r2 = δs is given by
the amplitude of these oscillations.
